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Natural[1–4] and recombinant[5,6] silk pro-
teins are popular components of biomate-
rials for drug delivery, tissue engineering, 
and regenerative medicine, owing to 
their processability, biocompatibility, and 
biodegradability, demonstrating their 
promise in various biomedical niches in 
vitro, and in preclinical trials.[7] Silk-based 
biomaterials in a selection of materials 
morphologies (including films, fibers, 
films, and hydrogels) have been prepared 
using the silk proteins produced by var-
ious species (silkworms, spiders, etc.)[8] 
and recombinantly,[5,6] as have composites 
including such proteins.[9,10]
The development of instructive biomate-
rials capable of the imparting signals to tis-
sues in which they are in contact with is an 
inherently interdisciplinary research field, 
and the subject of increasing attention from 
researchers in academia and industry.[11–13] 
Silk-based materials with specific chemical, 
Biomaterials capable of controlling the delivery of drugs have the potential 
to treat a variety of conditions. Herein, the preparation of electrically conduc-
tive silk fibroin film-based drug delivery devices is described. Casting aqueous 
solutions of Bombyx mori silk fibroin, followed by drying and annealing to 
impart β-sheets to the silk fibroin, assure that the materials are stable for fur-
ther processing in water; and the silk fibroin films are rendered conductive by 
generating an interpenetrating network of a copolymer of pyrrole and 3-amino-
4-hydroxybenzenesulfonic acid in the silk fibroin matrix (characterized by a 
variety of techniques including circular dichroism, Fourier-transform infrared 
spectroscopy, nuclear magnetic resonance, Raman spectroscopy, resistance 
measurements, scanning electron microscopy-energy dispersive X-ray spec-
troscopy, thermogravimetric analysis, X-ray diffraction, and X-ray photoelectron 
spectroscopy). Fibroblasts adhere on the surface of the biomaterials (viability 
assessed using an (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
assay and visualized using a confocal microscope), and a fluorescently labeled 
drug (Texas-Red Gentamicin) can be loaded electrochemically and released 
(µg cm−2 quantities) in response to the application of an electrical stimulus.
The ORCID identification number(s) for the author(s) of this arti-
cle can be found under https://doi.org/10.1002/mame.202000130.
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mechanical, and topographical cues have enabled important 
properties to be engineered into materials for patient-specific 
personalized medical devices.[14] Indeed, it is possible to prepare 
silk-based materials with biodegradation rates and mechanical 
properties controlled by their processing conditions (e.g., choice 
of solvents, temperatures, etc.), the type of silk used (natural/
recombinant), or their modification by chemical or biochemical 
means.[15] Preclinical studies using silk-based biomaterials are 
promising for a variety of applications and tissue niches.[16]
For many biomedical applications in vitro, ex vivo and in 
vivo, the ability to deliver active ingredients in a controlled 
fashion is very appealing, and many stimuli have been investi-
gated to achieve this (e.g., ionic strength, light, magnetic fields, 
pH, ultrasound, etc.),[12,17–20] and a variety of stimuli-responsive 
silk-based materials have been reported.[21–28]
Electrical stimuli offer potential for precise control of medical 
devices, in part because of their ability to control the magnitude 
of currents/voltages and duration of pulses/intervals. Conducting 
biomaterials based on organic electronic materials (OEMs) 
including derivatives of carbon nanotubes, graphene, and con-
ducting polymers have potential for a variety of biomedical 
applications for long term use (e.g., electrodes to record/stimu-
late cellular activity) or short term use (e.g., drug delivery and 
tissue engineering).[29,30] Conductive silk-based materials have 
been successfully used for biomedical applications, including as 
electrodes for recording endogenous signals, or indeed as tissue 
scaffolds.[21,25,26,31–42] The use of electricity for drug delivery is 
exciting,[43–47] and has been clinically translated for certain spe-
cific applications (e.g., electroporation/iontophoresis).
Here, we describe the results of our investigation of conduc-
tive films (Figure 1A) based on an interpenetrating network of 
Bombyx mori silkworm silk fibroin and conducting polymers 
(a copolymer containing pyrrole and an aniline derivative, 
the synthesis of which is depicted in Figure  1B).[35] The films 
were characterized by a variety of techniques (including cir-
cular dichroism (CD), Fourier-transform infrared spectroscopy 
(FTIR), nuclear magnetic resonance (NMR), Raman spectros-
copy, resistance measurements, scanning electron microscopy-
energy dispersive X-ray spectroscopy (SEM-EDX), thermogravi-
metric analysis (TGA), X-ray diffraction (XRD), and X-ray pho-
toelectron spectroscopy (XPS)), as was the adhesion of fibro-
blasts to the films, and their ability to deliver a fluorescently 
labeled clinically relevant drug (Texas-Red Gentamicin) in vitro.
B. mori silk fibroin was degummed, dissolved (in a solution 
of CaCl2, ethanol, and water), dialyzed against water and sub-
sequently cast in petri dishes, yielding films had thicknesses of 
≈100  µm that are hereafter referred to as “as cast.” The as cast 
films were subsequently immersed in methanol and are here-
after referred to as “methanol treated.” The films were rendered 
conductive by generation of an interpenetrating network of a 
self-doped conducting polymer within the silk fibroin matrix 
(Figure  1A,B) by adaptation of the literature.[35] The self-doped 
conducting polymers were composed of pyrrole and 3-amino-
4-hydroxybenzenesulfonic acid and their polymerization within 
the silk fibroin films was initiated by ammonium persulfate and 
ferric chloride (Figure  1B),[35] followed by thoroughly washing 
with water and ethanol to remove low molecular weight compo-
nents that were not entrapped within or attached to the silk fibroin 
matrix (e.g., initiators, monomers, oligomers, and polymers), 
such films are subsequently referred to as “conductive” films, 
the sheet resistance of which were 26.8 ± 1.3 MΩ □ as measured 
using a nanoprober (Figure S1, Supporting Information).
SEM (Figure  1C–E) showed that the surface of the as cast 
films are relatively smooth on the µm scale, whereas the 
Figure 1. A) Purification and processing of silk fibroin to generate materials (films) and subsequently generate a conductive interpenetrating network 
(IPN). B) Schematic of the synthesis of the conducting polymer (with a random sequence of monomers) utilized in the IPNs studied. SEM images of 
the films: C) as cast films, D) methanol treated films, and E) conductive films. Scale bars (white) represent 10 µm.
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methanol treated films are somewhat rougher due to reorganiza-
tion of the polymer chains within the matrix during β-sheet for-
mation, and the conductive films have aggregates of conducting 
polymers (composed of nanoparticles typically of 50–500  nm; 
Figure S2, Supporting Information) on their surface, results 
which are in line with the literature.[35] EDX analysis (Figure S3, 
Supporting Information) showed elemental signals character-
istic of Au (instrumental background, M 2.123  keV), Si (glass 
substrate, Kα 1.739 keV), and the elements associated with the 
silk fibroin-based materials for as cast and methanol treated 
films: C (Kα 0.277 keV), N (Kα 0.392 keV), O (Kα 0.525 keV), 
and S (Kα 2.307  keV). Peaks for Ca (Kα 3.690  keV) and Cl 
(Kα 2.621 keV) residual from their initial processing, but absent 
in the spectra of the conductive films owing to their extensive 
washing, and the conductive films also showed stronger peaks 
for S owing to its presence on the aniline derivative incorpo-
rated in the backbone of the conducting polymer. XPS spectra of 
the methanol treated and conductive films (Figure 2; Figure S4, 
Supporting Information) confirm that the surface chemistry of 
the films has changed, with changes in the appearance of all the 
C 1s, N 1s, O 1s, and S 2p spectra of the films after rendering 
them conductive due to the new species present in the back-
bone of the conducting polymers. The combination of SEM, 
EDX, and XPS data demonstrate the successful modification of 
the surface of the films with conducting polymers.
XRD data (Figure S5, Supporting Information) suggested the 
as cast films were largely amorphous, confirmed by the peak at 
2θ  ≈ 20°, whereas the methanol treated films were somewhat 
more crystalline with peaks at 2θ = 19.9° and 24.0° suggesting 
β-sheet content;[35,48] and the XRD data for the conductive films 
was not significantly different from the methanol treated films. 
TGA revealed that the films contained residual water and that 
the methanol treated and conductive films were stable in excess 
of 200  °C, with a slightly earlier onset of degradation for the 
conductive films (Figure S6, Supporting Information).[49] The 
thermal stability of the materials up to 200 °C offers potential 
for sterilization by steam in an autoclave at 121 °C for 20 min, 
or dry sterilization in an autoclave at 170 °C for 60 min, albeit 
with potential consequences for the mechanical/electrical prop-
erties of the materials,[50] and an optimal method of sterilization 
will be dependent upon the specific application, and thermal 
stability of any drugs/active ingredients incorporated.
Figure 2. XPS data. Methanol treated films: A) C 1s, C) N 1s, E) O 1s, and G) S 2p. Conductive films: B) C 1s, D) N 1s, F) O 1s, and H) S 2p.
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Infrared spectra (Figure 3A) for the as cast films exhibit peaks 
in the amide I region at 1605–1615 cm−1 characteristic of aggre-
gated strands, and a shoulder at 1616–1621 cm−1 characteristic 
of aggregated beta strands, and the amide II region at 1510 cm−1 
characteristic of turns and unhydrated peptide groups.[51] The 
methanol treated films exhibit a strong peak between 1621 and 
1637 cm−1 in the amide I region and a peak at 1520 cm−1 in the 
amide II region characteristic of β-sheets (and a shoulder at 
1540 cm−1 characteristic of α-helical content).[52] The conductive 
films displayed significant shoulders at 1541 and 1499 cm−1 are 
characteristic of oligoanilines and an increase in α-helical con-
tent relative to β-sheets, the peaks evident at 1204 cm−1 (asym-
metric SO stretching), 1037 cm−1 (C–H in-plane deformation 
and/or symmetric SO stretching), 917 cm−1, and a shoulder at 
895 cm−1 (C–H out-of-plane deformation of aromatic rings and/
or bipolaron bands)[35] confirm that the conductivity of the films 
is due to the presence of the polymers depicted in Figure 1.
FDA approved poly(ethylene glycol)s (PEGs) are widely used 
for concentrating protein solutions by dialysis and FTIR spectra 
of the as casts films showed some evidence of traces of PEGs 
that transferred across the dialysis membrane from the pres-
ence of a small peak in spectra between 1150–1085 cm−1, which 
could be attributable to ether bonds in PEGs. However it is 
noteworthy that this overlaps with the primary OH moieties 
displayed on the serine residues displayed on the backbone of 
the silk fibroin (1150–1085 cm−1, ≈9.5% of the residues in the 
backbone of B. mori silk fibroin), and the secondary OH moie-
ties displayed on the threonine residues displayed on the back-
bone of the silk fibroin (1124–1087 cm−1, ≈2% of the residues 
in the backbone of B. mori silk fibroin). There is a shift in the 
shape of this peak after treatment of the films with methanol 
indicative of the methanol dissolving traces of PEG in the films, 
and the small peak that remains is due to serine and threonine 
instead of PEG.
CD data (Figures S7–S9 and Table S1, Supporting Informa-
tion) confirms the presence of α-helical and β-sheet content in 
all films. Interestingly, the chemical modification process to 
render the films conductive altered the balance of secondary 
structural elements in the films (the conductive films had an 
increase in α-helical content relative to β-sheet content in line 
with the FTIR data) which potentially accounts for earlier onset 
of thermal degradation for the conductive materials observed in 
the TGA data (Figure S6, Supporting Information).
Raman spectra (Figure  3B) for the as cast films exhibited 
amide I peaks at 1657 cm−1 characteristic of silk I, random coil 
conformation or α-helices (a small peak at 1669 cm−1 potentially 
due to some β-sheets), the peak at 1616 cm−1 is attributed to 
phenylalanine, tyrosine and trypophan,[53–57] and the amide 
III range has maxima at 1272, 1255, and 1249 cm−1, which is 
characteristic of silk fibroin with a prevailing random-coil con-
formation, in line with the literature.[56] The methanol treated 
films exhibited a strong amide I peak at 1667 cm−1 charac-
teristic of β-sheets, and there is a strong amide III peak at 
1230 cm−1 characteristic of β-sheets, indicating the film has a 
higher β-sheet content after methanol treatment in line with 
the FTIR and XRD data, and literature.[52,56] The conductive 
films exhibited more complex spectra owing to the variety of 
species present which overlap the peaks from the silk fibroin. 
The peaks were assigned in accordance with the literature as 
follows: 656 cm−1 (sulfate), 686 cm−1 (C–H wagging), 934 cm−1 
(C–C ring deformation, bipolarons), 1050 cm−1 (C–H in-plane 
deformation, polarons), 1079 cm−1 (C–H in-plane deforma-
tion, bipolarons), 1242 cm−1 (antisymmetric C–H in-plane 
bending, ring stretching), 1329 cm−1 (C–C in-ring, antisym-
metric C–N stretching), 1385 cm−1 (C–C in-ring, antisymmetric 
C–N stretching, C–H bending, N–H bending stretching), 1490 
cm−1 (CN stretching in quinonoids), 1496 cm−1 (C–C, CN 
stretching), 1512 cm−1 (N–H bending), 1599 cm−1 (CC in-ring, 
C–C inter-ring stretching), and 1623 cm−1 (C-C stretching of the 
benzenoid ring vibrations).[58,59] The Raman spectra also con-
firms that the conductivity of the films is due to the presence of 
the polymers depicted in Figure 1.
The solid state cross polarized magic angle spinning (CP-
MAS) 13C NMR spectra of the as cast films (Figure S10, Sup-
porting Information), methanol treated films (Figure S11, 
Supporting Information), and conductive films (Figure S12, 
Supporting Information) show structural transitions upon 
methanol treatment and chemical modification. The CP-MAS 
spectra for the as cast and methanol treated films are assigned 
in accordance with the chemical shifts reported in the litera-
ture.[60] Ala Cβ at 16.5 ppm for distorted β-turn and/or random 
coil, or 19.6 ppm for the β-sheet peak A, and 21.7 ppm for the 
β-sheet peak B (β-sheet peaks A and B arise from differences 
in the intermolecular structure arrangement.[60] Tyr Cβ at 
36.1 ppm for random coils, and 40.3 ppm peak for β-sheets. Gly 
Cα peak at 42.6 ppm; Ala Cα peak at 50 ppm; Ser Cα peak at 
55 ppm; Ser Cβ peak at 61.5 ppm for random coils, and peaks 
at 64.0 and 65.5 ppm for β-sheet A and β-sheet B, respectively. 
Gly CO peak at 165  ppm, Ala/Ser CO peak at 170  ppm for 
Figure 3. A) FTIR spectra of “as cast” (gray), methanol treated (black), 
and conductive (red) films. B) Raman spectra of “as cast” (gray), meth-
anol treated (black), and conductive (red) films.
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β-sheets, and Ala CO peak at 175  ppm for random coils. The 
chemical modification step introduced a number of new peaks 
at: 116.5  ppm (Cα–Hα), 128  ppm (Cβ–Hβ) in Py units, and 
117 ppm (Cε–Hε), and 123 ppm (Cγ–Hγ), respectively.[61] There 
is a small peak at ≈70  ppm which could be due to CH2O in 
traces of PEG in the films, however, this is more likely to be 
attributed to the β-carbon in threonine residues as the integral 
is similar for each film (as cast, methanol treated and conduc-
tive), and traces of PEG are below the limit of detection of the 
NMR.
Analogously modified B. mori silk fibroin foams were 
capable of electrical stimulation of human mesenchymal stem 
cells, and cytocompatible over a period of 30 days [Kaplan-mbs], 
and to confirm these materials were also cytocompatible, fibro-
blasts were cultured on them and cell viability was evaluated 
by (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) (MTT) assay[62] (Figure 4A). We observed similar prolif-
eration for the cells grown on the control tissue culture plastic 
as for cells cultured on both nonconductive and conductive silk 
fibroin materials for the first three days, which continued over 
a period of a week, albeit more slowly on the silk fibroin-based 
materials. The positive cell adhesion and proliferation were 
confirmed by fluorescence microscopy (Figure 4B).[63,64]
The development of stimuli-responsive drug delivery sys-
tems offers a variety of potentially exciting applications, where 
the control of the delivery offers opportunities to control the 
chronopharmacology of the drug in line with the chrono-
biology of the condition to be treated, and a variety of drugs 
have been delivered from conducting polymer-based mate-
rials.[45,65,66] The conductive films were doped/loaded with 
drugs electrochemically from aqueous solutions of the drugs. 
We attempted to release dexamethasone phosphate from the 
films, however its release was below the limit of detection of 
UV–visible spectroscopy. Consequently, we electrochemically 
loaded 1 µg of Texas-Red Gentamicin and subsequently studied 
its release using fluorescence spectroscopy due to its increased 
sensitivity and lower limit of detection. We observed low levels 
of passive release of Texas-Red Gentamicin from the films and 
markedly enhanced delivery upon the application of an elec-
trical stimulus over the course of the experiments (Figure 4C). 
The delivery of antibiotics is important for a variety of appli-
cations, particularly for invasive surgical procedures where 
the costs associated with treating infections arising from sur-
geries (potentially including subsequent surgical procedures 
to remove/replace the implant) are significant. The ability to 
control the delivery of antibiotics in an on/off fashion offers 
an opportunity to tune the delivery profile of the antibiotic in a 
patient specific manner.
In conclusion, the characterization by CD, FTIR, NMR, Raman 
spectroscopy, resistance measurements, SEM-EDX, TGA, XRD, 
and XPS together confirm the successful preparation of B. mori 
silk fibroin films and their subsequent modification to yield a con-
ductive interpenetrating network of polymers. The methodology 
reported should be translatable to other silks (of natural or recom-
binant sources),[5,67–69] silk-inspired polymers and proteins,[70] and 
a multitude of other polymer-based materials thereby facilitating 
their use for various bioelectronics applications. The fluores-
cently labeled antibiotic released here is an excellent model for 
other drugs that can potentially be released from such materials. 
Electroactive materials are an emerging class of instructive bio-
materials with a variety of biomedically relevant applications we 
see rich potential for in the foreseeable future.
Experimental Section
The full experimental details can be found in the Supporting Information.
Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
Figure 4. A) Proliferation of 3T3 fibroblast cells as measured by the MTT 
test after exposure to nonconductive and conductive silk fibroin films. 
Results are expressed as mean ± SD from triplicate experiments. B) 
Confocal microscopy images of fibroblast cells on substrates after 24 h 
staining with Alexa-phalloidin: (left) cells on control tissue culture plates, 
(middle) nonconductive silk fibroin, and (right) conductive silk fibroin 
films. C) Electrochemically enhanced delivery of Texas-Red Gentamicin 
from conductive silk fibroin films in PBS (pH = 7.4) as determined by fluo-
rescence spectroscopy. Cumulative release of Texas-Red Gentamicin from 
conductive silk fibroin films (expressed as a % of 1 µg): passive release 
(black bars) and electrically stimulated release (gray bars).
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